A puzzling feature of many medical innovations is that they simultaneously appear to reduce unit costs and increase total costs. We consider this phenomenon by examining the diffusion of percutaneous transluminal coronary angioplasty (PTCA)-a treatment for coronary artery diseaseover the past two decades. We find that growth in the use of PTCA led to higher total costs despite its lower unit cost. Over the two decades following PTCA's introduction, however, we find that the magnitude of this increase was reduced by between 10 and 20% due to the substitution of PTCA for CABG. In addition, the increased use of PTCA appears to be a productivity improvement. PTCAs that substitute for CABG cost less and have the same or better outcomes, while PTCAs that replace medical management appear to improve health by enough to justify the cost.
Introduction
The dramatic technological change in the medical care industry has raised two key questions for patients, firms, and policymakers. First, what are implications of technological growth for the cost of care? Second, what are its effects on the quality of care? Considered in tandem, the answers to these questions illustrate the impact of technology on medical factors-the relationship between the marginal benefit and marginal cost of a technology may change. This may be the case for surgical procedures for which outcomes improve (and unit costs decline) with volume 3 or for pharmaceuticals that are found to be effective for new indications over time. As such, the instantaneous productivity of a medical innovation measured shortly after its introduction might differ substantially from that measured at a later date.
In this paper, we address this issue of time-varying effects by examining the use of PTCA and CABG over the past two decades. PTCA is an innovation that is characterized by the uncertainty described above. Specifically, despite its advantages in terms of cost and patient comfort, PTCA initially was considered less effective than CABG for patients with relatively severe CAD. Due to learning and technological improvements over time, however, PTCA began to be used on increasingly severe cases that were previously reserved for CABG. In short, PTCA appears to have become a stronger substitute for CABG over time (Bohmer et al., 2000) .
We use patient-level data from the State of New York to examine the utilization patterns for PTCA and CABG from 1982 to 2000. The beginning of this period roughly corresponds to the point at which PTCA was introduced into mainstream medical practice in the United States. We identify two distinct phases in the diffusion of PTCA. The 1980s and early 1990s constitute a period of treatment expansion during which the overall utilization rates for both PTCA and CABG increased. During the later 1990s, however, we find evidence of treatment substitution as the utilization rates for PTCA and CABG increased and decreased, respectively. While the introduction of PTCA raised total costs via treatment expansion, this increase was offset over time due to the substitution of PTCA for CABG. Though we must make several assumptions to consider the impact of PTCA on outcomes during the initial years of its diffusion, we find evidence that the expanded use of PTCA on patients who previously would have received only medical treatment appears to have improved the quality of care. Further, we present preliminary evidence suggesting that the substitution of PTCA for CABG eventually improved quality for patients receiving revascularization (i.e. either CABG or PTCA). Our results suggest that new technologies have the potential to become increasingly less costly over time and may result in productivity improvements.
The remainder of this paper is organized in four sections. Section 2 provides background on PTCA and its diffusion over the past two decades. Section 3 discusses issues related to our empirical methodology. Section 4 provides detail and descriptive analysis concerning the data from New York. Section 5 presents our results, and Section 6 concludes.
The development and growth of PTCA
Prior to the early 1980s, patients with CAD were faced with two possible paths of treatment. The decision between these paths typically depended on the severity of a patient's illness. Those with relatively mild CAD might pursue medical management (i.e. they would not receive any invasive procedures), while those with more advanced disease would undergo CABG. As noted above, CABG was traumatic for patients and not infrequently resulted in death. Nonetheless, it was found to be a relatively effective method for treating severe CAD.
PTCA was first performed in the United States in 1978 and entered mainstream medical practice during the 1980s. While less invasive, traumatic, and costly than CABG, PTCA does involve the risk of restenosis, or return of blockage to the artery. In addition, a PTCA procedure may dislodge a portion of blockage, thereby creating a new clot in a different location. During the years immediately following its introduction, PTCA was associated with relatively high rates of restenosis and mortality (Williams et al., 2000) . As such, its initial use was primarily limited to patients with relatively mild CAD (Hillis and Rutherford, 1994) . Patients with more severe blockage continued to be treated primarily with CABG.
Over time, PTCA outcomes have improved due to both learning (Hannan et al., 1997; Ho, 2000) and exogenous technological change. Perhaps the most important improvement to PTCA was the introduction of coronary stents in the mid-1990s. Stents are small coils that are inserted to prop open an artery after PTCA. They have reduced the occurrence of restenosis and other adverse outcomes, such as mortality, myocardial infarction, or emergency CABG (Serruys et al., 1998) . Given their ability to improve PTCA outcomes, stents were adopted very quickly by cardiologists. In 1993, only one percent of PTCA patients in New York received a stent; this figure increased to 29 and 71% by 1995 and 1997, respectively. 4 As a result of the improved outcomes associated with PTCA over time, the procedure has become increasingly substitutable with CABG for patients with relatively severe CAD.
Empirical methodology

The impact of PTCA on cost
The first part of our empirical analysis considers the impact of PTCA's diffusion on the cost of treating patients with CAD. We assume that the primary driver of PTCA's impact on total cost is its effect on the rate at which both PTCA and CABG are provided for a fixed population. Increased PTCA use may also affect the cost-per-PTCA or cost-per-CABG due, for example, to volume-cost effects. While our analysis does not capture this latter impact on cost, it is likely that such volume-cost effects will be more substantial for the younger technology-PTCA-than for the more mature CABG. Assuming that PTCA is, on average, less costly than CABG, the additional affect due to this volume-cost relationship would work in the same direction as the "static" effect of replacing CABG procedures with PTCAs.
While the discharge data from New York allows us to observe all of the procedures provided over nearly two decades, it offers only limited data about the clinical characteristics of individual patients. We thus focus our analysis on county-level data, as we expect the average unobservable characteristics to remain relatively constant within counties over time. This analysis enables us to exploit variation in transitory changes in utilization across different regions of New York.
Using annual county-level observations, we estimate changes in the degree of substitution between CABG and PTCA over time. First, we regress the CABG rate per person age 45 years and older on the PTCA rate for the same population and a vector of controls. Patients in this age category accounted for over 95% of the CABG and PTCA procedures in New York during 2000 (New York State Department of Health, 1982 Health, -2000 . The exact specification of this regression is:
The variables in (1) are indexed by year, t, and county of patient residence, i. This specification includes county fixed effects, α i , to capture time-invariant factors that may affect the rate of CABG use in a given area. Year fixed effects, δ t , are included to control for statewide changes in the average CABG rate over time. We use the county of patient residence rather than the county of hospital admission as the unit of analysis, as many hospitals draw patients from areas outside of the county in which they are located. The key independent variables in (1) are the interactions of (PTCA/POP) it -the PTCA rate per 1000 population age 45 and older-with YEAR it , a vector of indicators for 3-year periods between 1985 and 2000. The coefficient vector, β, thus reflects the degree of substitution between PTCA and CABG over time, with positive (negative) values of its elements implying that the two procedures are complements (substitutes). By using a time-varying coefficient, we allow the degree of substitution between these procedures to change as uncertainty about the costs and benefits of PTCA is resolved.
X it is a vector of controls for the demographic characteristics of a given county. It includes the rate of total hospital discharges per 100,000 population of all ages-not just 45 and older-to control for shifts in the overall utilization of hospital services in a given area. In addition, X it contains the percentage of county i's population that falls into each of three age groups: younger than 45, 45-64, and 65 or older. Finally, X it includes the percentage of hospital discharges for county residents that are covered by Medicare, Medicaid, and HMO payers, respectively. Medicare or Medicaid HMO patients are included in the Medicare and Medicaid categories, respectively. These payer mix variables are measured using all inpatient discharges, not simply those for cardiac patients. Certain versions of (1) include interactions of both the payer mix and age variables with 3-year time periods.
The county fixed effects in (1) account for constant differences in CABG and PTCA rates across geographies. As such, the coefficient vector, β, is identified by changes in the levels of procedure use. This specification controls for the fact that certain populations may be sicker on average than others. Alternatively, one might want to control for constant trends in procedure use across counties. This latter specification assumes not that certain populations are sicker than others, but that these groups may differ systematically in the degree to which they embrace new technologies. For example, patients or physicians in certain counties may be more willing than those in others to take the risks associated with new techniques that have uncertain costs and benefits. We, therefore, estimate a second version of (1) in which the CABG, PTCA, and total discharge variables are expressed as one-period changes. We refer to the resulting two models as the "levels" and "changes" specifications, respectively. Due to differencing, the sample size is reduced by one observation per county in the latter regression.
To the extent that unobservable factors are correlated with both the CABG and PTCA rate in a given county, the coefficient vector β may be biased. For instance, primary care physicians in a given county may have a bias toward medical management of CAD, which would appear as a reduction in the use of both CABG and PTCA relative to other areas. We consider a simple example with only two time periods and, hence, only two PTCA-time interactions. Defining p it = (PTCA/POP) it , the expected value of the coefficient for the first time period,β 1 , is:
Similarly, the coefficient for the second period,β 2 , would be:
In both (2) and (3), the bias is captured by the second term on the right-hand side, which, in general, is not equal to zero. For the purposes of this study, however, we are interested in obtaining an unbiased estimate, not of β, but of the change in β over time. Under the assumption that the unobservables have the same impact on technology utilization over time, the bias term is also constant, such that:
Even if our above assumption is considered restrictive, we are not greatly concerned about the impact of this potential bias on our results, as it would likely have a greater impact on the level of β rather than the change in β over time.
The impact of PTCA on outcomes
Any assessment of medical productivity that considers only changes in costs, while ignoring effects on outcomes, is incomplete. We thus consider the degree to which increased PTCA use is correlated with improved outcomes for specified populations. A common measure of cardiac outcomes is risk-adjusted, in-hospital mortality, which we use to compare CABG and PTCA in Appendix A. In-hospital death is relatively rare for CABG and is even less frequent for PTCA. As such, one might be inclined to look at longer-term measures of risk-adjusted mortality (e.g. within 1 year of discharge) in hopes of obtaining less biased estimates of quality. Nevertheless, information on post-discharge mortality is not available in the New York databases. Even if information on long-term mortality were readily available, it still would not capture improvements in the quality of life that, while attributable to the growth in PTCA, did not affect mortality rates. We discuss our outcome measures at greater length in Section 5.
Data and descriptive analysis
The main source of data for the cost analysis is New York's Statewide Planning and Resource Cooperative System (SPARCS). SPARCS provides patient-level demographic (e.g. age, sex, payer type) and administrative (e.g. diagnoses, procedures performed, and total charges) information for all inpatient hospital discharges. The earliest year for which this data is available is 1982. Our analysis covers all relevant discharges in New York from 1982 to 2000 with the exception of 1983 and 1984. 5 We supplement our analyses with 3 years of clinical data from the cardiac surgery reporting system (CSRS) and coronary angioplasty reporting system (CARS) of the New York State Department of Heath (NYSDOH). Through its CSRS and CARS, NYSDOH collects detailed clinical data for every patient in New York receiving "isolated" CABG or PTCA procedures, respectively. Isolated procedures are those performed on patients who do not receive any other major heart surgeries, such as valve procedures, during the same admission (New York State Department of Health, 1998) . The annual number of isolated CABG procedures in the state ranges from a low of 14,944 in 1991 to a high of 20,078 in 1996; for PTCA, these figures vary from 16,804 in 1993 to 21,707 in 1995. These data provide clinical detail on pre-procedure risk factors as well as post-procedure outcomes including in-hospital mortality. Knowledge of each patient's risk factors allows for the determination of whether the average severity of patients undergoing each of these procedures changes over time. While the CABG data is available from 1991 to 1996, the PTCA information covers only the period from 1993 to 1995. Though limited, the timeframe for which PTCA data is available covers a period during which one would have expected a large degree of substitution from CABG to PTCA as a result of the increased use of stents. Fig. 1 presents the annual rates of CABG and PTCA procedures for all New York residents performed in New York hospitals. These rates are expressed as the number of procedures per 1000 population age 45 and older. 6 During the period from 1985 to 1997, the CABG and PTCA rates rise together, though the latter is increasing faster than the former. These different growth rates, combined with the fact that the CABG and PTCA rates move in opposite directions after 1997, serve as an initial indication that PTCA becomes a stronger substitute for CABG over time. Fig. 2 provides further evidence of the increasing substitution of PTCA for CABG. Each observation corresponds to one of the 62 counties of patient residence in New York. The two 5 Statewide, the number of reported CABG procedures in both 1983 and 1984 is significantly higher than that in 1985. Specifically, the annual number of reported CABG discharges for residents of New York increases from roughly 6600 in 1982 to 9700 in 1983. This number then declines to 8600 in 1984 and 8400 in 1985. After 1985, the absolute number of reported CABG discharges increases monotonically until 1997. This trend is puzzling given the commonly held belief that the use of CABG was increasing throughout the 1980s and during much of the 1990s. After discussions with the administrators of the SPARCS data, we decided that 1983 and 1984 should be excluded from our analysis. The 1982 data were included, as they appear to be consistent with both the trend in the data from 1985 to 2000 and with the fact that absolute CABG volumes were monotonically increasing during the 1980s. Still, the results we report are robust to excluding the 1982 data. panels show plots of the changes in PTCA and CABG rates from 1982 to 1993 and 1993 to 2000, respectively. The time periods covered by these panels roughly correspond the pre-and post-stent eras in New York State. One would thus predict that the substitutability of CABG and PTCA would increase in the post-1993 period. The positive and significant slope of the simple regression line (β = 0.552, standard error = 0.131) indicates a complementary relationship between CABG and PTCA in the years immediately following the introduction of PTCA. This finding corresponds to that obtained by Cutler and McClellan (1998) using data on AMI patients covered by Medicare during the period from 1984 to 1991. In the second panel, however, it is clear that a large number of counties shift from the upper-right to the lower-right quadrant. The slope of the simple regression line becomes smaller and insignificant (β = 0.067, standard error = 0.077). 7 This change suggests that the aggregate trends in PTCA and CABG use during the late 1990s also hold at the level of individual countries.
It is still possible that the patterns in Figs. 1 and 2 do not actually represent substitution of PTCA for CABG. In particular, these trends are also consistent with a scenario in which PTCA is increasingly used for patients who would not have otherwise received CABG and CABG is simply performed on fewer patients with very severe conditions. Substitution would require that patients on the margin between CABG and PTCA (i.e. those with medium-severity CAD) become more likely to receive PTCA relative to CABG over time. Modifying an index from Mark et al. (1994) , we divide patients into three severity categories: low, medium, and high. 8 This categorization provides a rough control for the effects of any changes over time in the average severity of the population receiving revascularization. We then use the detailed clinical data for 1993-1995 to compare the number of patients within each severity group receiving PTCA versus CABG over time.
Panel A of Table 1 illustrates that both PTCA and CABG volumes increased in the period from 1993 to 1995, with the growth in PTCA exceeding that of CABG (i.e. 4900 additional PTCAs versus 2600 additional CABGs). These absolute changes translate into relative increases of approximately 29 and 16% for PTCA and CABG, respectively. To control for changes in the distribution of all revascularization patients across the three severity categories, Panel B considers changes in the within-severity use of CABG and PTCA. Across all three levels, the PTCA rate among the "added" 9 revascularization procedures (Column 6) is greater than that for patients revascularized in 1993 (Column 2). For instance, in 1993, 62% (13%) of patients with medium (high) severity CAD received PTCA. PTCA, however, accounted for 79% (36%) of the incremental medium (high) patients between 1993 and 1995. These results are consistent with the hypothesis of PTCA serving as a stronger substitute for CABG during the mid-1990s. 7 The difference in the coefficients for the two time periods in statistically significant at the 1% level. 8 A vessel is considered "diseased" if it is at least 70% blocked and a given patient may have between one and four diseased vessels. "Severe" patients are those with blockage of the left main trunk (LMT) or at least three diseased vessels; "medium" patients have either two diseased vessels or single-vessel disease in the left anterior descending (LAD) artery; and "mild" patients have single-vessel disease in areas other than the LMT or LAD. 9 We define "added" procedures as the gap between the number of cases in 1995 and 1993 for a given procedure within a given severity level. The absolute number of "added" procedures presented in Column 5 of Table 1 may be negative and the percentages in Column 6 may thus be negative (though the percentages for any given severity level still sum to 100). (2) Procedures (3) % of subtotal (4) Procedures (5) % of subtotal (6 Source: CARS, 1993 and CSRS, 1993 Fig. 3 provides time-series data on the average hospital cost for discharges involving CABG and PTCA. Similar to most administrative databases, SPARCS provides dischargelevel information concerning gross charges but not costs. To estimate costs, we calculate the cost-to-charge ratio for each hospital-year using data from the Medicare Hospital Cost Reports for the period from 1985 to 1998. For a given hospital, the cost-to-charge ratio is simply total operating expense divided by gross patient revenues. 10 All costs are reported in 1985 dollars, using the average CPI for a given year as the deflator. , 1985-1998 . Note: Discharge-level costs are determined by applying the cost-to-charge ratio for a given hospital in a given year to the total gross charges for a given discharge. Source: SPARCS database, 1982 and Medicare hospital cost report database, 1985 These data are not adjusted for changes in the severity of the average patient in each category. The dramatic difference in the average costs for CABG and PTCA over timewith that of the former being two-to-three times that of the latter in all years from 1982 to 1998-thus must be interpreted with caution. Much of this difference may be driven by the fact that CABG tends to be performed on more severe patients. 11 Accounting for these severity differences is critical when analyzing the cost implications of increased substitution between CABG and PTCA. With these caveats in mind, we note that for both CABG and PTCA, the average cost for the initial hospitalization increases during the second half of the 1980s and is flat during the early 1990s. CABG costs actually begin to decline after 1996, while those for PTCA remain flat.
Results
Changes in utilization rates
The summary evidence presented thus far has certain limitations. In addition to facing potential selection problems, the CSRS and CARS data in Table 1 cover only a short period of time. While Fig. 2 does consider changes in CABG and PTCA rates per person, it does not provide evidence as to whether changes in CABG utilization are driven by changes in PTCA use or by some other characteristic of a given area. To address both of these issues, we take advantage of the information on county of patient residence that is available in the SPARCS data and exploit variations in utilization across the different counties of New York. Table 2 presents the results for the levels regressions. The estimates in Column 1 are based on observations for each county-year from 1982 to 2000, excluding 1983 and 1984 . Though included in the regression, the fixed effects for county and year are not presented in the table. Each interaction term represents a change in the PTCA rate coefficient relative to 1982-1985-the period when the value of the substitution coefficient was at its peak. As noted above, the value of the substitution for any given period-the sum of the base PTCA coefficient and the relevant interaction term-is potentially biased. Nevertheless, the change in this coefficient over time-captured by the interaction terms-will be unbiased under the assumptions discussed in Section 3. These changes increase in absolute magnitude from −0.33 in 1986-1988 to −0.84 in 1998-2000. From the 1989-1991 period onward, these changes relative to excluded period of [1982] [1983] [1984] [1985] are statistically significant at either the 5 or 1% level.
Column 2 repeats the specification from Column 1 on a subset of the initial sample with observations from 1986 to 2000, the years for which complete payer mix data is available. The changes in the interaction terms over time are quite similar in terms of both magnitude and significance to those in Column 1. The excluded time period now becomes the 1986-1988 period and the decline in the interaction terms from 1986-1988 to 1998-2000 is 0.54, only slightly larger than the decline of 0.51 over the same period in Column 1. Column 3 reveals that the addition of payer mix variables does not substantially affect the coefficients on the interaction terms. Finally, Column 4 incorporates interactions of the payer mix and age variables with each of the 3-year time periods to allow payment systems and age distributions to have time-varying effects on CABG utilization. These controls slightly decrease the absolute magnitude of the interaction terms over time. For example, the change by 1998-2000 is −0.42 versus −0.52 figure in Column 3. In addition, the coefficients for the 1989-1991 and 1992-1994 periods are no longer significant at conventional levels. Nevertheless, the pattern of changes remains monotonic and the changes from 1995 onward are significant at conventional levels. As the most conservative estimates of the change in substitution coefficient over time, our results from Column 4 suggest that, if one assumes that substitution away from CABG accounts for none of the increased PTCA volume in the 1986-1988 period, 12 such substitution accounts for roughly 40% of the increase in PTCA volume by 1998-2000.
The results from the changes specification (Table 3 ) mirror those from the levels model. This regression includes observations for all county-periods ending between 1986 and 2000. The excluded interaction term for this regression is that for 1989-1991, the period during which the value of the coefficient is at its peak. Column 1 presents the estimates for a specification without payer variables, Column 2 includes payer variables, and Column 3 adds payer-time and age-time interactions. The magnitudes and significance of the key interaction terms are stable across the three specifications. As in the levels model, the PTCA rate-time coefficients show a substantial decline during the 1990s, with those changes being significant at the 5% level for both the 1995-1997 and 1998-2000 periods. Our most conservative estimate of the change from 1989-1991 to 1998-2000 is the −0.32 figure in Column 3. Over the same period, the levels model (Table 2 , Column 4) suggests a −0.25 change. These similar figures indicate a dramatic change in the relationship between the utilization rates for CABG and PTCA during the 1990s.
Changes in cost
To put the effects of this increased substitution in perspective, we consider the change over time in the net cost of an incremental PTCA. Net cost refers to the cost associated with an additional PTCA less any savings due to the fact that some additional PTCAs represent "foregone" CABG procedures. The change in the coefficient on the PTCA rate indicates the changing mix of treatment substitution and treatment expansion over time.
The SPARCS data do not provide information about costs over time. We thus use the results of Hlatky et al. (1997) , who find the average 5-year cost for a CABG case to be nearly US$ 2700 greater than that for PTCA for patients with multi-vessel CAD (US$ 58,889 for 12 Assuming that the true value of the substitution coefficient in the 1982-1985 period is zero is reasonable given the fact that PTCA was initially used on patients with very mild CAD (Hillis and Rutherford, 1994) . It is, therefore, quite plausible that the patients receiving PTCA at this point would not have received CABG in the absence of PTCA. CABG versus US$ 56,225 for PTCA, P < 0.05). 13 They decompose this difference into separate effects for patients with three-and two-vessel disease. Among three-vessel patients, they find no significant difference in the 5-year cost of CABG and PTCA. For patients with two-vessel disease, however, the 5-year cost of PTCA is roughly US$ 5500 less than that for PTCA (US$ 58,498 for CABG versus US$ 52,930 for PTCA, P < 0.05). 14 Finally, they note that, across both two-and three-vessel patients, the average cost of the initial discharge is roughly US$ 11,000 lower for PTCA than for CABG. 15 This gap narrows, though does not entirely close, during the 5 years following the initial procedure, likely due to the potential for restenosis after PTCA. Table 4 combines the cost data of Hlatky et al. (1997) with our findings regarding the degree of substitution between the procedures in New York between 1989 and 2000. We choose this timeframe for our analysis because the 1989-1991 period is the point at which the estimated value of β is at its peak in the changes model. The first column of the table compares the costs associated with 100 incremental PTCAs in 1989-1991 to that during the 1998-2000 period using the estimates from the levels model. The decline in β over this period, 0.25, implies that 25% of these incremental PTCAs represent treatment substitution (i.e. cases that would have been treated with CABG in 1989-1991), while the remainder results from treatment expansion. The 5-year net cost for a PTCA represents the average cost for a PTCA patient less our estimate of the 5-year cost for a patient who receives either medical treatment or catheterization without subsequent revascularization. 16 We find this cost to be approximately US$ 20,800 per case. The negative net cost of roughly US$ 2700 attached to each of the substituted procedures reflects the fact that performing PTCA on these patients allows them to avoid a (more expensive) CABG procedure. These results show that while the growth of PTCA has resulted in higher total costs, the magnitude of this increase has been offset over time by the substitution of PTCA for CABG. As a result of this substitution, the increase in total costs associated with incremental PTCA volume fell 11% (in the levels regression) to 16% (in the changes regression) between the 1989-1991 and 1998-2000 periods.
The results of Hlatky et al. (1997) are based on data from the Bypass Angioplasty Revascularization Investigation (BARI), a trial of the two revascularization methods that considered patients with multivessel CAD who underwent either of these procedures between 1988 and 1991 at 18 sites in the United States and Canada (Bypass Angioplasty Revascularization Investigation [BARI] Investigators, 1996) . The time period during which these procedures were performed preceded the use of stents and other technological improvements that appear to have increased the initial (i.e. index-admission) costs of PTCA. 13 Hlatky et al. (1997) estimate costs by applying department-specific cost-to-charge ratios from Medicare Cost Reports to charge data. Their results include physician and outpatient costs as well. Due to the absence of department-specific charges or physician charges in the SPARCS data, we are not able to replicate their methodology using the New York data. 14 We note that 71% of the two-and three-vessel patients receiving PTCA between 1993 and 1995 in New Yorkthe only population for which we can observe CAD severity-had only two-vessel disease. Given the increased use of stents during this period, we would expect this percentage to have been even larger in the pre-1993 period. In checking the results in our sample, we, therefore, emphasize comparison to the findings of Hlatky et al. (1997) with respect to two-rather than three-vessel cases. 15 This figure is similar to the gap between CABG and PTCA costs found in the New York data (Fig. 3) . 16 See note in Table 4 for a more detailed description of this calculation. Note: The "5-year net cost/PTCA-expansion" figure is an estimate of the average additional cost incurred by a patient receiving PTCA relative to one who receives only diagnostic catheterization. It is calculated by adjusting the 5-year average cost (inpatient and outpatient) for a PTCA patient with multivessel CAD (US$ 56,225 in US$ 1995) from Hlatky et al. (1997) . The 5-year net cost, PTCA NETC 5y , is calculated as follows:
PTCA NETC 5y = PTCA COST H,5y × 1 − CATH MCR,5y PTCA MCR, 5y where PTCA COST H,5y is the PTCA cost from Hlatky et al. (1997) and the "MCR, 5y"subscripts denote 5-year, inpatient claims for a 5% sample of AMI patients (initially admitted in 1994) covered by Medicare. Specifically, CATH MCR,5y represents the average claim for patients receiving only catheterization (without revascularization) within 90 days of their initial AMI admission; PTCA MCR,5y is the average claim for patients receiving either PTCA only or PTCA and CABG within 90 days of their initial admission. The "5-year net cost/PTCA-substitution" is simply the 5-year average cost for a CABG patient with multivessel CAD (US$ 58,889) from Hlatky et al. (1997) less the 5-year average cost for a multi-vessel PTCA patient. a Based on the change in substitution coefficient from Table 2 between 1989-1991 and 1998-2000 periods. Nevertheless, the decreased rate of restenosis associated with stenting suggests that much, if not all, of this initial cost increase dissipates as one moves further away from the initial admission. 17 To the extent that stenting reduces the long-term costs of PTCA, it may increase the 5-year cost advantage of PTCA relative to CABG identified by Hlatky et al. (1997) .
Changes in outcomes
Prior to estimating PTCA's implications for productivity, we must determine its effect on outcomes. Given the different clinical profiles of patients who receive PTCA over CABG (i.e. substitution) and those who receive it instead of medical treatment (i.e. expansion), we consider separately the impact of PTCA on outcomes for each of these groups.
Treatment substitution
As noted above, risk-adjusted mortality likely is an imperfect dimension along which to compare outcomes for CABG and PTCA patients. Nonetheless, mortality is the most common measure used in the clinical literature for this purpose. In Appendix A, we provide estimates of the impact of using PTCA rather than CABG on patient mortality during the 1993-1995 period in New York. These results are of limited applicability to our analysis, as they cover only a 3-year period during which PTCA was a relatively mature technology and do not allow us to estimate the impact of PTCA in the years immediately following its introduction into mainstream use. Nevertheless, 1993-1995 represents a period during which the substitution of PTCA for CABG appears to have increased, likely due to greater use of coronary stents.
While we consider these logistic regressions in greater detail in Appendix A, we briefly highlight the key findings. The negative and significant coefficient on the PTCA indicator suggests that-after controlling for numerous clinical determinants of mortality-patients receiving PTCA are less likely to die in the hospital than those receiving CABG. Further, the interaction of the PTCA variable with the calendar-year dummies reveals that this coefficient becomes more negative over the 3-year period in the sample. From 1993 to 1995, this decrease is significant, suggesting that the outcomes for PTCA are improving relative to those for CABG during this period.
Given the limitations of our data, we draw upon the results of randomized trials of PTCA and CABG conducted in the late 1980s and early 1990s to estimate the impact of PTCA's diffusion on outcomes. Most of these studies find no significant differences in long-term (i.e. two or more years after index admission) mortality for patients receiving CABG versus PTCA. For example, the Bypass Angioplasty Revascularization Investigation (BARI) trial found that, for non-diabetic patients with multivessel disease, there was no significant difference in the 5-year mortality for patients randomized to either CABG or PTCA (Chaitman et al., 1997) . For multivessel patients with diabetes, those receiving CABG had significantly lower 5-year mortality than those receiving PTCA. The coronary angioplasty versus bypass revascularization investigation (CABRI) trial found no significant differences in 2-year mortality for multivessel patients randomized to each form of revascularization (CABRI Trial Participants, 1995) . Finally, the medicine, angioplasty, or surgery study (MASS) found no significant differences in 5-year mortality for CABG and PTCA in patients with severe single vessel disease in the left anterior descending (LAD) artery (Hueb et al., 1999) . These studies, however, are based on patients treated prior to the introduction of stents into mainstream use-an event that likely improved the long-term outcomes of PTCA relative to CABG. Despite this fact, we maintain the assumption that PTCA and CABG yield similar long-term outcomes to ensure that our calculations are not biased toward finding that PTCA increases productivity.
Treatment expansion
PTCA's benefit over medical therapy does not appear as a significant decrease in mortality, but rather as an improvement in the quality of life. In particular, patients receiving PTCA were more likely to be relieved of the symptoms of angina-chest pain due to restricted blood flow-than those receiving medical therapy. Parisi et al. (1992) find that 64% of patients randomized to PTCA were free of angina after 6 months compared to only 46% of those treated medically. This difference of 18 percentage points is significant at the 1% level.
Expressing this benefit in financial terms requires us to make two assumptions. First, we must determine the utility value, in terms of quality-adjusted life years (QALYs), of living with angina. Most clinical studies of this issue suggest a QALY value of roughly 0.8 for moderate angina (Tengs and Wallace, 2000) . That is, the average patient with angina would be willing to trade 1 year of life with angina for 0.8 years in perfect health. Under this assumption, relieving angina would be valued at 0.2 (= 1-0.8) QALYs per patient-year.
Our second assumption involves assigning a dollar value to a QALY. This amount varies across studies. Viscusi's (1993) survey of the literature suggests that reasonable estimates for the value of life fall in the range of US$ 3 million to US$ 7 million. Assuming life expectancy of 40 years for the population involved, this range translates into an average value per life-year of US$ 100,000-150,000 (Cutler and Richardson, 1997; Murphy and Topel, 2002) . In the interest of keeping our estimates conservative, we also assume a value of US$ 100,000 per QALY. Based on the two assumptions above, we determine the average value of being relieved from angina for 1 year to be US$ 20,000 per patient (0.2 QALY×US$ 100,000/QALY). Table 5 combines the effects of both treatment expansion and substitution to estimate the overall impact of PTCA on medical productivity in the year 2000 relative to 1989-1991. Table 5 Implications of PTCA for medical productivity ( relative to 1989 ( -1991 ( in US$ 1995 Levels (1) Changes ( Benefit of treatment substitution --Total benefit of 100 PTCAs (US$) 2714400 2448000 Total additional cost of 100 PTCAs (from Table 4 a Assumes that 18% of treatment expansion patients will be relieved of angina as a result of PTCA (Parisi et al., 1992) .
Productivity implications
b Based on improvement of 0.2 QALY per patient-year of angina relief and value of US$ 100,000 per QALY.
Consistent with the approach in Table 4 , we consider the impact of 100 additional PTCAs in the 1998-2000 period relative to the 1989-1991 period. Columns 1 and 2 provide the results using the substitution percentages from the levels and changes regressions, respectively. As noted above, we credit PTCA only with the benefits of reduced angina for treatment expansion patients (i.e. any benefit in terms of outcomes for treatment substitution patients is not factored into this analysis). Nevertheless, we do include all of the additional costs associated with the use of PTCA. The first row in the "benefit of treatment expansion" section shows the number of patients who are relieved of angina due to the use of PTCA instead of medical therapy. In accordance with the findings of Parisi et al. (1992) concerning angina relief, this figure represents 18% of the treatment expansion patients. Assuming an average survival of 10 years following PTCA, 18 an annual benefit of US$ 20,000 per patient relieved of angina, and no incremental gain due to treatment substitution, we calculate the total benefit of 100 PTCAs to be between US$ 2.4 million and US$ 2.7 million. From this figure, we subtract the total cost of these additional PTCAs, as reported in Table 4 . The resulting net benefit is between US$ 19,000 and 22,000 per additional PTCA.
The above result is sensitive to our assumptions concerning the average survival of a PTCA patient. PTCA, however, would still have a positive net benefit even if we were to lower the average survival from 10 to 2 years while holding the benefit per patient-year of angina relief at US$ 20,000. Similarly, if we were to hold the average survival constant at 10 years, we could lower the benefit per patient-year to roughly US$ 3900 (roughly 0.04 QALY) and still maintain a positive net benefit of PTCA.
We consider the robustness of the productivity results using methods other than QALY analysis for valuing the benefits of angina relief. One such approach is to calculate the direct medical and non-medical costs associated with angina. Using data on over 400 angina patients from Sweden, Andersson and Kartman (1995) find the average annual direct medical cost for angina patients to be 40,052 Swedish kronor (approximately US$ 5600 in 1995) and the non-medical cost (e.g. value of time spent seeking treatment, value of production lost due to reduction in work hours) to be of similar magnitude at 38,225 kronor (approximately US$ 5300). The average annual benefit of angina relief is thus US$ 10,900. This amount, however, includes roughly US$ 700 on average for CABG or PTCA, which should be subtracted from the annual benefit of angina relief for treatment expansion patients who, by definition, would not otherwise receive these therapies. After this adjustment, the average annual benefit of angina relief is roughly US$ 10,200, a figure that is substantially higher than the US$ 3900 minimum benefit required for PTCA to improve productivity in our base calculation. Further, this US$ 10,200 amount excludes benefits associated with any improvements in quality of life that are not captured by reductions in medical or non-medical costs. Table 5 presents the net benefit associated with PTCA at a point in time (i.e. the year 2000) when the technology was relatively mature. It is likely, however, that the benefits of PTCA-in terms of both angina relief and substitution for CABG-that were present by 2000 were either non-existent or substantially smaller immediately after its introduction in the early 1980s. We examine the flow of benefits and costs over time in Fig. 4 , where we present the cumulative net benefit per PTCA for each year from 1982 to 2000. To calculate this figure for a given year, we divide the real cumulative net benefit since 1982 (i.e. cumulative benefit minus cumulative cost) by the cumulative number of PTCA discharges as of the end of the year. These net benefit figures are based on the costs in 1995 dollars used in Hlatky et al. (1997) and are discounted using a 3% real interest rate. Appendix B includes detail on the intermediate steps used to calculate the annual amounts plotted in Fig. 4 . These amounts appear in the final column of the table.
We note several additional assumptions used in calculating these figures. First, our net benefit calculations do not include the fixed costs associated with developing PTCA. Nonetheless, the results on the cumulative net benefit of PTCA in New York (Appendix B) suggest that by 1992-10 years after PTCA's introduction in New York-the cumulative benefit generated from PTCA in New York alone would have been sufficient to justify more than US$ 1.3 billion of fixed costs associated with the technology's development. If one were to add the cumulative benefits generated in other states-or in other countries-where the use of PTCA was increasing during this time, a significantly higher level of fixed costs could be supported. While it is difficult to estimate the fixed costs for the development of PTCA, it is likely that the time flow of cumulative benefits is sufficient to suggest that the technique improved medical productivity.
Second, we assume that the level of angina relief for treatment expansion patients increases linearly from 0% in 1982 to 18% in 1992-the year in which Parisi et al. (1992) published their findings concerning this benefit of PTCA. By keeping the level of angina relief constant at 18% through 2000, we make the conservative assumption that PTCA's outcomes with respect to angina did not improve after 1992. Finally, we use the levels coefficients from Column 4 of Table 2 to obtain the 18 and 25% substitution percentages for the 1995-1997 and 1998-2000 periods, respectively . Prior to 1995, we assume no cost savings due to substitution, as the coefficients in these periods are not significantly different from those in 1989-1991.
The total benefit of PTCA expansion in New York is calculated as the value of the 0.2 QALY improvement associated with the incremental relief of angina for treatment expansion patients. The total cost column represents the expenditure on additional PTCAs less any savings due to substitution away from CABG. The cumulative net benefit column suggests that the "payback" point for PTCA occurred at some point in 1986. This value increases steadily to value of roughly US$ 23,800 in 1994 and then begins to decline slightly once we allow for some degree of substitution in the later 1990s.
As suggested in Appendix B, CABG substitution thus has two counteracting effects on our productivity calculations. Most directly, it decreases total cost, as PTCA is cheaper than CABG. By reducing the percentage of cases that are due to treatment expansion, however, it decreases the proportion of new patients who receive incremental angina relief. The pattern in the per-PTCA cumulative benefit thus reflects the contribution of incremental angina relief relative to substitution-related cost savings in determining the effects of expanded PTCA use on productivity.
To examine the sensitivity of these results, we repeated this analysis using even more conservative assumptions regarding the phase-in of benefits related to angina relief. Specifically, we assumed that the benefits of angina relief are phased-in only during the 5 rather than 10 years prior to 1992. The slope of the phase-in is thus steeper than in the base case, but the point at which benefit begins to accrue is pushed back 5 years to 1988. Even under these more conservative assumptions, the productivity benefit associated with PTCA's expansion is substantial. The payback year is 1990, and the cumulative benefit per PTCA hits a maximum value of US$ 19,800 in 1998 before beginning to decline slightly thereafter.
Discussion
Our analysis yields several conclusions. With respect to total costs, we find that an assessment of PTCA's effects based solely on the first decade of its use yields a substantially different result than one-such as ours-that considers the entire life of the technology to date. Specifically, the growth of PTCA in the 1980s occurred predominantly through treatment expansion and was accompanied by little offset in the use of CABG and thus large increases in the overall cost of care. By the mid-1990s, however, PTCA's outcomes improved and it began to serve as a stronger substitute for CABG such that by the end of the decade, between 25 and 35% of new PTCA procedures were substitutes for CABG. Although total costs were higher due to the growth of PTCA, this increase was offset by between 10 and 20% between 1989-1991 and 1998-2000 due to substitution of PTCA for CABG. By the metric of costs, the diffusion of a new technology increases spending-rapidly at first as it treats those who previously went without, and less dramatically over time as it substitutes for more expensive existing treatments.
We also find that the diffusion of PTCA improved medical quality. Among those receiving PTCA who formerly would have been managed medically, the benefits in lower angina seem to be greater than the added expense. Further, we present initial results in Appendix A suggesting that the substitution of PTCA for CABG-at least during the mid-1990s-appears to have improved the quality of outcomes for revascularization patients. This latter result must be qualified by the fact that it is based on data from a period of time, 1993-1995, during which PTCA was a relatively mature technique that was being improved by technological advancement. In addition, this analysis is limited to in-hospital mortality. Nonetheless, even in the absence of any quality improvements for substitution patients, the diffusion of PTCA appears to have increased medical productivity.
We conclude with a note concerning the scope of this analysis. The utilization rates for New York may differ substantially from those for the rest of the United States. For example, Guadagnoli et al. (1995) examine Medicare patients in 1990 and find that the rate of CABG within 90 days of admission was 15% in Texas versus 13% in New York. In terms of PTCA, the rate in Texas (15%) was more than double that in New York (7%). Further, New York's adjusted rates of CABG and PTCA for Medicare enrollees during 1995 and 1996 were below both the average and median rates across all 50 states (Center for Evaluative and Clinical Sciences, 1999) . While the cause of these relatively low rates is not clear, candidate explanations included differences in medical practice patterns or New York's relatively stringent certificate-of-need (CON) regulation for the adoption of new technologies by hospitals.
Expanding this analysis to other states would allow us to test the robustness of our findings in settings characterized by different regulatory structures and patterns of medical practice. In particular, we would like to consider a state, such as California, in which hospitals are subject to less stringent restrictions concerning the adoption of new technologies. Finally, while our study focuses on cardiac procedures, we believe that our findings can be applied to other medical innovations that, as of their date of introduction, are characterized by uncertainty with respect to their ultimate costs and benefits. In such settings, it appears that an innovation's impact on productivity may depend on the length of the horizon over which such effects are measured.
York between 1993 and 1995. For each patient, CSRS and CARS collects data on clinical risk factors including measures of blood flow (e.g. ejection fraction), history of cardiac disease and procedures, smoking habits, and the presence of other diseases such as diabetes and renal failure. While there remains some degree of unobserved heterogeneity across patients in these data, this population likely is more homogeneous along these unobserved dimensions than the larger universe of AMI candidates.
We estimate a logistic regression with the dependent variable, MORT i , being equal to one if an individual died within the hospital and zero otherwise. The form of this equation is:
where ν i is distributed extreme value. The key independent variables are the interactions of PTCA i -an indicator equal to one (zero) if a patient received PTCA (CABG) as the initial form of revascularization-with dummy variables for year of admission. These interactions capture the degree to which the performance of PTCA relative to CABG changes over the 3-year period studied. C i is a vector of control variables that includes indicators for each year, linear and quadratic terms for patient age, and information on over 30 clinical risk factors for each patient. 20 The above specification is run both with and without hospital-specific dummy variables, with the goal of the latter regression being to control for time-invariant factors (e.g. particular surgeons, cardiologists, or technicians) that may be correlated with outcomes at a given hospital. The timeframe of this analysis does not allow us to capture PTCA's effect on outcomes in the years immediately following its introduction. Nevertheless, it does enable us to measure the technology's impact after the technology has been in place for several years at a given hospital. That is, we consider whether-as PTCA use approaches an "equilibrium" level of utilization-the outcomes for patients undergoing revascularization improves. Table 6 presents the results for the logistic regression measuring the impact of PTCA on revascularization outcomes. Columns 1 and 2 provide estimates for versions of the model without and with hospital fixed effects, respectively. The results for both models are similar, so we address them in a single discussion. The coefficient on the PTCA indicator is negative and highly significant, suggesting that-after controlling for numerous clinical determinants of mortality-patients receiving PTCA are less likely to die in the hospital than those receiving CABG. That is, the use of PTCA appears to be associated with improved in-hospital outcomes relative to CABG. Further, the interaction of the PTCA variable with the calendar-year dummies reveals that this negative coefficient decreases over the 3-year period in the sample. From 1993 to 1995, this decrease is significant, suggesting that the outcomes for PTCA are improving relative to those for CABG during this period. Though a causal link cannot be confirmed, this finding is consistent with the claim that the technological development of PTCA (e.g. increased and improved use of stents) led to improved outcomes using the procedure. Note: Records for patients who received CABG on an emergency basis following PTCA or who received CABG during an admission in which PTCA was also performed were excluded, as these individuals are considered PTCA patients. Regressions also include the following pre-procedure risk factors for each patient: age, age squared, gender, race, body surface area, CCS functional class for angina, and indicators for any previous MI, MI within previous 24 h, MI within previous one week, transmural MI, stroke, cerebrovascular disease, narrowing in aortoiliac vessel, narrowing in femoral/popliteal vessel, hemodynamic instability, shock, hypertension, IV nitroglycerin within previous 24 h, left ventricular hypertrophy, malignant ventricular arrhythmia, chronic obstructive pulmonary disease, diabetes, immune system deficiency, pre-operative infra-aortic balloon pump, previous PTCA, thrombolytic therapy within previous 7 days, smoking history within previous 2 weeks, congestive heart failure, renal failure, ejection fraction less than 20%, ejection fraction 20-29%, and ejection fraction 30-39%. In addition, the regression includes indicators for the presence of blockage in the following locations: LMT, proximal LAD, mid/dist LAD, RCA, or LCX. The New York State Department of Health provides the following caveat with respect to the use of the indicator for chronic obstructive pulmonary disease (COPD) for risk-adjustment: "Prior to 1993, the definition used for COPD was considered subjective, and irregular frequency distributions across institutions were noted. The definition was changed in 1993 to include documentation of objective clinical criteria. However, the wide range in COPD rates reported across hospitals remains, presumably due to practice patterns among various providers with regard to utilizing objective testing for COPD." * * Denote statistical significance at the 5% level. * * * Denote statistical significance at the 1% level.
It is possible that the positive coefficient on the CABG indicator is simply due to unobserved heterogeneity in patient severity. We believe that the extensive array of clinical covariates included in these regressions should mitigate concerns about this bias. It thus seems unlikely that unobservables explain all of the effect we identify. As an additional qualification, we reiterate that the CSRS and CARS data only track in-hospital mortality. To the extent that post-hospital mortality differs in a manner that is systematically related to our observed variables, in-hospital mortality may provide a biased measure of overall death rates. Finally, as mentioned above, mortality is only one of several relevant quality measures in this setting. Others include post-procedure pain, complications, and functional ability. Even with these caveats, however, we note that the State of New York feels that this mortality data is meaningful enough to use it to compare outcomes for hospitals and individual physicians in its public report cards on cardiac care (New York State Department of Health, 1998) .
